ABSTRACT To investigate the additive effects of xylanase, amylase, protease, and phytase in the diets of broiler chickens, a study was conducted using 1,152 growing broiler chicks (8 treatments with 12 replicate pens of 12 chicks). The birds were fed a corn/soybean-based negative control (NC) diet that was formulated to be nutritionally marginal in terms of metabolizable energy, Ca, and P. A nutritionally adequate positive control (PC) diet was fed for comparison. The NC diet was supplemented with phytase; a cocktail of xylanase, amylase, and protease (XAP); or a combination of phytase and XAP at 100 or 200 mg of each enzyme/kg (200 mg of XAP/kg provided a guaranteed minimum of 300 U of xylanase, 400 U of amylase, and 4,000 U of protease/kg; 200 mg of phytase/kg provided a guaranteed minimum of 1,000 U of phytase/kg). Growth performance, ileal digestible energy (IDE), and the digestibility coefficients of N, Ca, P, and DM were calculated. Individually and in combina-
INTRODUCTION
The use of exogenous enzymes to improve the performance of farmed poultry is not a new concept and has been extensively studied and reviewed (Bedford, 2000; Selle et al., 2000; Acamovic, 2001; Cowieson, 2005) . However, although the efficacy of carbohydrases, proteases, and phytases in the diets of poultry has been well established, there is still a great deal of uncertainty regarding the modes of action of exogenous enzymes. Furthermore, the countless interactions between enzymes and the host animal, its microflora, and also dietary ingredients are not fully understood (Bedford, 2002) . One area that has received relatively little attention in the literature is the use of combinations of enzymes such as carbohydrases, 1860 tion, both phytase and XAP improved (P < 0.05) gain-tofeed ratio compared with the NC diet, particularly at the highest inclusion concentration. Body weight gain followed a similar trend, showing an improvement of approximately 6 to 7% with either enzyme individually and a 14% improvement with a combination of phytase and XAP. The effect of enzymes on IDE and nutrient digestibility coefficients was not as marked, but a 165-kcal/kg reduction in IDE was noted between the NC and PC diets, and a combination of phytase and XAP improved IDE by >100 kcal/kg. It can be concluded that the use of phytase and XAP individually in a corn/soybean meal-based diet is effective in improving nutrient digestibility and performance of broilers fed nutritionally marginal diets. Furthermore, there may be an additive effect of phytase and XAP on broiler performance, giving a cost-effective nutritional strategy for the profitable production of poultry products.
proteases, and phytases to improve nutrient retention and performance of growing chickens. Logic would suggest that if the use of one enzyme can improve BW gain (BWG) and feed converstion ratio (FCR) of chickens compared with birds that have been fed a diet containing no enzyme, the use of ≥2 enzymes might improve the scale and consistency of the response. The reality is somewhat different, and antagonistic (Naveed et al., 1999; Saleh et al., 2004) , subadditive (Zyla et al., 2000; Wu et al., 2004; Kim et al., 2005; Leslie et al., 2005) , additive (Zyla et al., 1996; Mulyantini et al., 2005) , and synergistic (Ravindran et al., 1999) effects of enzyme combinations have been reported. Clearly, this variety of responses to enzymes and combinations of enzymes is unacceptable for producers of poultry products. Therefore, it is critical that more information is generated that will allow tools to be developed, based on holo-analysis of animal data, to show when enzyme combinations can offer an additive, subadditive, or syner-gistic effect on performance parameters. To this end, a trial was conducted to establish whether xylanase, amylase, protease, and phytase could be used individually and in combination to improve the performance of growing broiler chickens.
MATERIALS AND METHODS

Animal Trial
A total of 1,152 male broiler chickens (Ross-308) were used in a growth performance trial with 8 treatments and 12 replicate floor pens of 12 chicks per treatment (144 chicks per treatment). A corn/soybean-based negative control (NC) diet was formulated to be nutritionally marginal in terms of energy, Ca, and P and provided only 2,870 kcal of ME/kg, 0.85% Ca, and 0.24% available P (Table 1) . Furthermore, the NC diet contained 150 g of rye/kg to increase the concentration of soluble carbohydrate in this diet and improve the likelihood of detecting a response to exogenous enzymes. This diet was supplemented with a cocktail of xylanase, amylase, and protease (XAP; Avizyme 1505, Danisco Animal Nutrition, Marlborough, Wiltshire, UK), phytase (Phyzyme XP, Danisco Animal Nutrition), or a combination of XAP and phytase at 2 concentrations of each enzyme (100 and 200 mg/kg; 200 mg of XAP/kg provides a guaranteed minimum of 300 U of xylanase, 400 U of amylase, and 4,000 U of protease/kg; 200 mg of phytase/kg provides a guaranteed minimum of 1,000 U of phytase/kg). A positive control (PC) diet, which was formulated to be nutritionally adequate and contained no rye, was fed for comparison (Table 1) . Therefore, the treatments used were PC, NC, NC + 100 mg of XAP/kg, NC + 100 mg of phytase/kg, NC + 100 mg of XAP + 100 mg of phytase/kg, NC + 200 mg of XAP/kg, NC + 200 mg of phytase/kg, and NC + 200 mg of XAP + 200 mg of phytase/kg. Chicks were reared from 1 d old on the experimental rations and were allowed ad libitum access to both feed and water throughout the study. All diets were fed as mash. The pens had a daily lighting regimen of 23 h of light and 1 h of dark; room temperature was maintained at 35°C in the first week and was reduced by 2°C every week. Feed consumption, collection, and handling of ileal contents and killing of birds at the end of the 28-d trial period were conducted as described by Onyango et al. (2004b) . At the end of the study, birds were killed by carbon dioxide asphyxiation, and ileal contents were collected (from the remnants of the yolk sac to the ileocecal junction). The Purdue University Animal Care and Use Committee approved all procedures.
Analytical Work
Ileal contents were freeze-dried (Freezemobile 12SL, The Virtis Co., Inc., Gardiner, NY), ground to pass through a 0.5-mm screen, and mixed thoroughly before analysis. Samples of diets and ileal contents were ovendried at 100°C for 24 h for DM determination (AOAC, 1990). The gross energy content of samples was determined by bomb calorimetry using an adiabatic calorimeter (Parr 1261 bomb calorimeter, Parr Instruments Co., Moline, IL). Chromium concentration in the feed and digesta was measured according to the method of Fenton and Fenton (1979) . Nitrogen in the samples was determined by the combustion method using a combustion analyzer (Leco Model FP 2000, Leco Corp., St. Joseph, MI) . Phytase activity (one phytase unit is defined as the amount of enzyme required to release 1 mol of inorganic phosphorus/min from sodium phytate at 37°C) in the diets was conducted (Danisco Innovation Laboratories, Brabrand, Aarhus, Denmark) according to the method of Engelen et al. (2001) with some modifications. These modifications were associated with the extraction buffer, which was 0.25 M acetate (pH 5.5) with 0.01% Tween 20 and 1 mM CaCl 2 , a slight change to the extraction buffer used by Engelen et al. to allow for differences between the phytases being assayed. Xylanase activity in feed was measured using a modified method based on the Megazyme [Megazyme International Ireland Ltd., Bray, Ireland (http://secure.megazyme.com/downloads)] xylanase assay kit. Amylase activity in feed was measured using phadebas (Megazyme International Ireland Ltd.) tablets based on the method published by McCleary and Sheehan (1989) and Barnes and Blakeney (1974) . Protease activity in feed was determined by a modified Megazyme (Megazyme International Ireland Ltd.) method, where the extraction and assay buffers used were pH 10 Tris/HCl.
In vitro viscosity of rye and the diets was determined according to the method of Inborr and Bedford (1994) using a Brookfield model DVII viscometer (Brookfield Engineering Laboratories, Stoughton, MA). Carbohydrate (Englyst Carbohydrates Research and Services Ltd., Southampton, UK) analysis of the diets and ingredients was according to the method of Englyst et al. (1994) . Phytate-P was determined (Sciantec Analytical Services Ltd., Thirsk, UK) in feed using a modified method based on the original iron-III-precipitation method of Heubner and Stadler (1914) as described by Widdowson and McCance (1935) . Diets and ileal digesta, for determination of Ca and total P, were ashed and boiled in concentrated nitric acid and then in 70% perchloric acid to solubilize all Ca and P. The concentration of P in the supernatant was determined using a kit (Sigma kit #670, Sigma Diagnostics, Inc., St. Louis, MO) as described by Onyango et al. (2004b) . Briefly, ammonium molybdate was added to the supernatant to form phosphomolybdate, which was then reduced to form a blue phosphomolybdenum complex. The color intensity of the complex was proportional to the P concentration and was determined at 620 nm. The Ca content of the supernatant was determined by flame atomic absorption spectroscopy (Analyst 300 Atomic Absorption Spectrometer, Perkin Elmer Instruments, Norwalk, CT).
Calculations
Ileal digestibility values were calculated using the index method with the equation:
Here, ANV x is apparent nutrient digestibility for ileal samples, expressed as a percentage; C i is the concentration of chromic oxide present in the diet; C o is the concentration of chromic oxide present in the digesta; X o is the nutrient concentration present in the digesta; and X i is the nutrient concentration present in the diet. All values for C i , C o , X o , and X i are expressed as a percentage of DM.
Though incidence of mortality was low, performance criteria (BWG, feed intake, and gain:feed) were adjusted according to the number of bird-days. This is defined as the number of birds alive in each pen multiplied by the number of days without incidence of mortality.
Statistical Analysis
The data were analyzed using JMP release 5.1.2 (SAS Institute Inc., JMP Software, Cary, NC) in a randomized complete block design with initial BW as a blocking factor. Specific contrasts of PC diet vs. NC diet and linear contrasts of XAP, phytase, and the combination of XAP and phytase were used to separate means. Additivity of XAP and phytase was assessed by subtracting the BWG, feed intake, or FCR of chicks fed the NC diet from those of chicks fed diets containing the individual enzymes and the combination of enzymes for each replicate pen then using ANOVA to determine whether the combination yielded a significantly improved performance compared with the individual enzymes. In all cases, significance was set at P < 0.05 except where specific contrasts yielded P < 0.1, in which case this was also reported.
RESULTS
The analyzed nutrient composition of the PC and NC diets is presented in Table 1 and was approximately the same as the calculated values; however, there was a decrease in Ca, P, and gross energy from the PC diet to the NC diet, but the isonitrogenous status of the diets was maintained. However, the Ca concentration in the carbohydrate profile of the PC and NC diets (Table 2) showed clearly the effect of the addition of rye to the NC diet in that there was an increase in soluble nonstarch polysaccharide (NSP) concentration of approximately 30% and an increase in total NSP concentration of approximately 17%. This increase, caused by the relatively high concentration of both soluble and insoluble NSP in rye (Table  2) , can be largely explained by a higher concentration of xylose, arabinose, galacturonic acid, and glucose in the NC diet compared with the PC diet. Furthermore, these differences in the NSP profile of the NC and PC diets were reflected in the in vitro viscosity of these diets with an increase of 119% (4.2 vs. 8.9 cPs) associated with rye inclusion (Table 2) .
The recovery of enzyme activity in the diets was within acceptable limits for enzyme analysis, allowing for errors introduced by diet mixing and sampling (Table 3) . Background xylanase and phytase activity was detected in the NC diet, presumably introduced by the rye component. Nonetheless, the recovery of exogenously added XAP and phytase activities were good and, in all cases, were above the guaranteed minimums of the products.
The effect of dietary treatment on BWG, feed intake, and FCR is presented in Table 4 . Birds fed the NC diet had poorer BWG, feed intake, and FCR compared with those fed the PC diet. Supplementation of the NC diet with XAP linearly improved BWG and tended to linearly improve FCR. Supplementation of the NC diet with phytase exhibited a linear trend to improve BWG and FCR. Supplementation of NC diet with 100 mg of XAP or phytase/kg improved BWG by 7.0 and 6.2%, respectively; when the NC diet was supplemented with a combination of XAP and phytase, BWG was improved by 14.0%. In vitro extract viscosity is based on duplicate analysis; NA = material not suitable for viscosity analysis.
The effect of diet and enzyme supplementation on digestibility of nutrients is presented in Table 5 . Ileal digestible energy (IDE) was approximately 165 kcal/kg lower in the NC diet compared with the PC diet. Similarly, the digestibility coefficients of N, DM, and P were all lower in the NC diet compared with the PC diet. The only exception to this was the digestibility coefficient of Ca, which was higher in the NC diet compared with the PC diet. The effect of XAP and phytase on nutrient digestibility coefficients was in line with expectations; XAP linearly improved IDE and the digestibility coefficients of N and 1 PC = positive control; NC = negative control; XAP = xylanase, amylase, and protease at 100 or 200 mg/kg of diet; PXP = phytase at 100 or 200 mg/kg of diet. Two hundred milligrams of XAP/kg provides a guaranteed minimum of 300 U of xylanase, 400 U of amylase, and 4,000 U of protease/kg; 200 mg of phytase/kg provides a guaranteed minimum of 1,000 U of phytase/kg. DM, and phytase improved the digestibility coefficients of Ca and P. There was no obvious additivity of XAP and phytase on nutrient digestibility coefficients or IDE. However, when digestible nutrient intake was calculated (Table 6 ), the combination of XAP and phytase further improved digestible P intake compared with either enzyme alone.
In no instance for either FCR or BWG, was the supplementation of the NC diet with enzymes successful in fully returning performance to that of the PC. However, this was due more to the scale of the removal of energy and 1 PC = positive control; NC = negative control; XAP = xylanase, amylase, and protease at 100 or 200 mg/kg of diet; PXP = phytase at 100 or 200 mg/kg of diet. Two hundred milligrams of XAP/kg provides a guaranteed minimum of 300 U of xylanase, 400 U of amylase, and 4,000 U of protease/kg; 200 mg of phytase/kg provides a guaranteed minimum of 1,000 U of phytase/kg. See Table 3 for analyzed activities.
P from the NC diet and not to a lack of response to added enzyme. In almost all cases, performance and nutrient digestibility were significantly improved by supplementation of the NC diet with enzymes and were further improved by supplementation of the diets with a combination of XAP and phytase.
DISCUSSION
The purpose of the experiment reported in this paper was to determine whether XAP and phytase could be used individually and in combination to improve the performance of growing broiler chickens fed a nutritionally marginal diet. It was expected that the efficacy of XAP, when added independently of phytase, would be limited in this trial, as the diets were formulated to contain a low concentration of nonphytate P and it was PC = positive control; NC = negative control; XAP = xylanase, amylase, and protease at 100 or 200 mg/kg of diet; PXP = phytase at 100 or 200 mg/kg of diet. Two hundred milligrams of XAP/kg provides a guaranteed minimum of 300 U of xylanase, 400 U of amylase, and 4,000 U of protease/kg; 200 mg of phytase/kg provides a guaranteed minimum of 1,000 U of phytase/kg. See Table 3 for analyzed activities.
P that was expected to be the first-limiting nutrient. Previous workers have demonstrated that xylanase is not particularly effective in improving performance of broiler chickens fed a diet where the first-limiting nutrient is P (Leslie et al., 2005) . However, it has also been demonstrated that xylanase can improve the digestibility of P (Kim et al., 2005) , presumably associated with liberation of encapsulated nonphytate P from fibrous (arabinoxylanbased) material (Frolich and Asp, 1985) . These findings were not reflected in the current study, as XAP had no obvious effect on either P or Ca digestibility. This could be related to the composition of the main cereal ingredient in the current study, which was corn, a feed ingredient with a low concentration of arabinoxylan (Choct, 1997) . Therefore, the potential for xylanase to improve P digestibility was somewhat lower than would be the case in a wheat-based diet. As XAP did not improve mineral 1 PC = positive control; NC = negative control; XAP = xylanase, amylase, and protease at 100 or 200 mg/kg of diet; PXP = phytase at 100 or 200 mg/kg of diet. Two hundred milligrams of XAP/kg provides a guaranteed minimum of 300 U of xylanase, 400 U of amylase, and 4,000 U of protease/kg; 200 mg of phytase/kg provides a guaranteed minimum of 1,000 U of phytase/kg. See Table 3 for analyzed activities.
digestibility, but did improve performance, it can be speculated that it was ME and not P that was first-limiting in this study. This hypothesis is supported by the relatively poor response to phytase compared with XAP. If P had been limiting in this study, the significant improvement in P digestibility associated with phytase supplementation should have resulted in performance similar to that of the PC, which clearly was not the case. It seems likely then, given that the response to the combination of XAP and phytase was in most cases at least additive, that both P and ME were limiting nutrients throughout the study, i.e., the response to both phytase and XAP independently of one another was tempered by the next limiting nutrient.
There are a number of possible mechanisms to explain the improved digestibility of energy, N, and DM with XAP supplementation of the NC diet. The XAP cocktail contains xylanase, amylase, and protease; therefore, the improvements in IDE and the digestibility of N and DM may be due to improved digestibility of starch (Gracia et al., 2003) , sparing effects on endogenous amino acids and energy associated with a reduction in endogenous amylase or protease production (Mahagna et al., 1995; Ritz et al., 1995; Gracia et al., 2003) , improved access to cellular contents associated with hydrolysis of structural carbohydrates (Bedford, 2002) , and hydrolysis of proteinaceous antinutrients (Huo et al. 1993; Ghazi et al., 2002) . Furthermore, it is possible that the relatively high concentration of soluble carbohydrate in the NC diet, associated with the rye component, might have reduced performance because of an increase in dietary viscosity. The fact that the viscosity of the NC diet was higher than that of the PC diet supports this theory. Water-soluble pentosans are known to reduce the nutritional value of wheat, triticale, and rye for poultry. Reduction in growth performance of ducks fed high-viscosity wheat is related to an increase in viscosity of duodenal and ileal digesta and a subsequent decrease in use of nutrients (Adeola and Bedford, 2004) . It is well known that increased viscosity of diets and intestinal contents can impair performance by reducing the diffusion of enzymes and nutrients (Elsenhans et al., 1984; Vahouny and Cassidy, 1985; Edwards et al., 1988) , detrimentally altering the microbial profile and environment within the distal gastrointestinal tract and increasing endogenous losses (Bartelt et al., 2002; Bedford, 2002) . Supplemenation of diets with carbohydrases that hydrolyze viscosity-inducing water-soluble carbohydrates would be expected to ameliorate these effects and improve nutrient use. Indeed, this was recently demonstrated by Adeola and Bedford (2004) , who showed that supplementation of a high-viscosity wheat-based diet with xylanase mitigated the growth performance reduction with an accompanying decrease in duodenal and ileal digesta viscosity and a subsequent increase in nutrient use. Therefore, improvement in performance of birds fed nutritionally marginal diets supplemented with XAP in the current study was partially due to improvement in nutrient use arising from enzyme-enhanced reduction in gastrointestinal tract digesta viscosity.
The beneficial effects of phytase in the current study were not as marked as those for XAP. This might have been due to the low ME of the NC diet, which was not significantly improved by phytase, and also to the presence of rye, which might have increased the viscosity of gastrointestinal tract contents, impairing the ability of phytase to hydrolyze phytate. It is likely that the full effects of phytase on performance were not observed because of the lower capacity for phytase to improve ME compared with XAP. Therefore, the improvements noted in P and Ca digestibility coefficients were not fully realized because ME became limiting for growth. The fact that, in this study, phytase did not have a significant effect on IDE or N and DM digestibility is in contrast to previous work that has shown phytase to be effective in improving N retention and DM and starch digestibility (Rutherfurd et al., 2002; Cowieson et al., 2004a,c) and to be effective in reducing the excretion of endogenous compounds (Cowieson et al., 2004b; Onyango et al., 2004a) . It is possible that the presence of endogenous phytase in the NC diet reduced the efficacy of the exogenous phytase by partially dephosphorylating phytate in the unsupplemented NC diet, reducing the scale of the difference in IDE and N digestibility between the PC and NC diets. Supplementation of P-marginal diets with phytase improved P use in the current study, which is interpreted as a phytase-induced release of phytatebound P. The ability of phytase to improve P availability by hydrolyzing phytate-bound P in poultry diets is well documented (Dilger et al., 2004; Onyango et al., 2004b) . Therefore, increased use of P from phytate can reduce supplementation of diets with inorganic P sources while maintaining normal growth of the bird. Improvements, over the P-marginal NC diet, in BWG were 6 and 8% with phytase supplementation of 500 and 1,000 U/kg, respectively, and improvements were 7 and 8% in FCR with phytase supplementation of 500 and 1,000 U/kg, respectively. These improvements are similar to previous reports in 3-wk-old broilers (Ravindran et al., 1999; Onyango et al., 2004b; Wu et al., 2004) . Results from the current study suggest that microbial phytase-mediated hydrolysis of phytate-bound P is responsible for the observed growth improvements.
It is interesting that phytase and xylanase were recovered in the unsupplemented NC diet and appeared to have some numerical additivity with the exogenously supplied enzymes. This is presumably because of endogenous phytase and xylanase in rye that are not present at such high concentrations in corn. In fact, Eeckhout and De Paepe (1994) showed that rye contains between 4,000 and 6,000 U of endogenous phytase/kg, whereas corn contains <100 U/kg. Although the analyzed activity of the endogenous phytase and xylanase are numerically high, it is worth noting that the relative bioefficacy of most endogenous plant enzymes are somewhat lower on a unit-for-unit basis than for enzymes from microbial sources (Zimmermann et al., 2002) . For instance Hill and Tyler (1954) and Scheuermann et al. (1988) demonstrated that phytase from plant material has a much higher pH optimum with low relative activity at pH <3. Furthermore, it has been demonstrated that endogenous plant phytases are denaturated during gastric phase digestion to a greater degree than are microbial phytases (Rapp et al., 2001) . So, although the apparent recovery and numerical additivity of endogenous and exogenous phytase and xylanase is clear, the effects on the performance of birds fed the NC diet are likely to be small.
The combination of XAP and phytase improved performance beyond that of either enzyme individually. However, there was little evidence to suggest that the combination of enzymes was more successful in improving IDE or nutrient digestibility coefficients than either enzyme individually. Phytase improved the digestibility of P and Ca, and XAP improved IDE and the digestibility of N and DM. The explanation for the improved performance of birds fed diets containing the combination of XAP and phytase is that the combination improved the intake of digestible energy, N, DM, and P compared with the NC diet and to a greater degree, particularly, for P than for either phytase or XAP alone.
It can be concluded that both phytase and XAP can improve the digestibility of nutrients and the performance of broiler chickens fed a diet that is formulated to be suboptimal in terms of Ca, P, and ME. Furthermore, the use of a combination of XAP and phytase is highly effective in improving the performance of broilers, allowing for the formulation of lower-cost diets and contributing to the profitability of the production of poultry products.
